contains discrete bis(µ3-oxo)-centered tetranuclear uranyl complexes, organized into columns and layers by extensive hydrogen bonding to the counterions. The discoidal shape, available axial coordination sites and hydrogen bond donor potential of these macrocyclic Ni II complexes make them efficient assembling agents in uranyl-organic coordination polymers. As often observed in the presence of d-block metal cations, uranyl luminescence is either completely or partially quenched in complexes 1 and 3, respectively.
INTRODUCTION
The formation of heterocationic complexes involving uranyl ion and multidentate ligands has proven to be a prolific means of generating uranyl ion clusters, rings, cages and one-to threedimensional coordination polymers. [1] [2] [3] [4] [5] Both metallic and non-metallic cations have been used as the species to accompany uranyl ion but the former group has been the source of the greatest variety. This is in large part because a given metal ion can take different forms depending on its coligands, thus leading to functions varying from that of simple charge balance as an independent species interacting with the uranyl polymer through weak interactions (such as CH···O hydrogen bonds) only, through that of decoration of a uranyl polymer involving mostly only one or two coordination sites of the metal ion, to that of a bridging unit in a true heterometallic cluster or polymer. This last role is of particular interest because of the possibility of controlling the nature of the bridging by the use of coligands which limit the number and relative orientation of the coordination sites available for bridging, a possibility we have recently explored through the use of alkali metal ion complexes of crown ethers as cocations with uranyl ion. 6 Greater opportunities, however, are offered by the use of transition metal ions, not only because of their varied spectroscopic, magnetic and redox properties but also because of the extensive nature of their known coordination chemistry with macrocyclic ligands, [7] [8] [9] [10] [11] (R,S-Me6cyclam (meso isomer) = 7(R),14(S) -5,5,7,12,12,14- hexamethylcyclam) on the crystal structures adopted by uranyl ion complexes of both cis-and trans-1,2-cyclohexanedicarboxylate, ligands known otherwise to give rise to a number of novel uranyl ion complexes. [12] [13] [14] With the quadridentate macrocycles forming a square-planar N4
array around Ni II , these nickel complexes are known to form both diamagnetic and paramagnetic species depending upon whether or not two extra axial donor atoms are present. [7] [8] [9] [10] [15] [16] [17] In general, the presence of Ni II in heterometallic uranyl ion complexes is known to influence the luminescence of the uranyl centres, [18] [19] [20] so that various prospects, including that of thermally induced spin state changes possibly associated with changes in luminescence quantum yields, arise with the use of these materials. with a minimum redundancy of 4 for 90% of the reflections) were processed with HKL2000. 24 Absorption effects were corrected empirically with the program SCALEPACK. 24 The structures were solved by intrinsic phasing with SHELXT, 25 expanded by subsequent difference Fourier synthesis and refined by full-matrix least-squares on F 2 with SHELXL-2014. 26 All nonhydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms bound to oxygen and nitrogen atoms were retrieved from difference Fourier maps when possible (see details below), and the carbon-bound hydrogen atoms were introduced at calculated positions. All hydrogen atoms were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom (1.5 for CH3, with optimized geometry). Crystal data and structure refinement parameters are given in Table 1 . The molecular plots were drawn with ORTEP-3, 27 and the polyhedral representations with VESTA. 28 The topological analyses were conducted with TOPOS. 29 Special details are as follows.
EXPERIMENTAL SECTION

[(UO2)2(c-chdc)2(c-chdcH)2Ni(cyclam)] (2
Complex 3. The cyclohexyl group C9-C14 and the uncoordinated carboxylic group containing O9 and O10 attached to it are affected by disorder, but the minor component could not be modelled properly, so that only the major one was refined with restraints on bond lengths, angles and displacement parameters. The hydrogen atom bound to this carboxylic group was not found.
Complex 4. The carboxylic oxygen atoms O27 and O28 are disordered over two positions which were refined with occupancy parameters constrained to sum to unity; the hydrogen atom attached to this group was not found. Restraints on bond lengths, angles and displacement parameters were applied in several parts of the structure which behaved badly probably because of unresolved disorder. The value of the refined Flack parameter is -0.023 (19) .
Complex 5. The two dicarboxylate ligands are partly disordered, and the two components were refined with occupancy parameters constrained to sum to unity and restraints on displacement parameters. The hydrogen atoms bound to N1, N2 and O14 were found on a difference Fourier map, but those bound to N3 and N4 were introduced at calculated positions. Some voids in the lattice indicate the presence of solvent molecules which could not be located properly; their contribution to the structure factors was taken into account with PLATON/SQUEEZE. ) and a TBX-04 single photon-counting detector. The powdered compound was pressed between two silica plates which were mounted such that the faces were oriented vertically and at 45° to the incident excitation radiation. An excitation wavelength of 420 nm, a commonly used point although only part of a broad manifold, was used in all cases and the emission was monitored between 450 and 650 nm.
RESULTS AND DISCUSSION
Synthesis. The crystalline complexes 1-5 were obtained under purely hydrothermal (2) or solvo-hydrothermal conditions (all other complexes) at a temperature of 140 °C, the organic cosolvent being N,N-dimethylformamide (DMF) for complex 1, acetonitrile for 3 and 4, or a mixture of both for 5. 14 and two complexes, two-and threedimensional (2D and 3D) including alkali metal ions complexed by crown ethers. 6 The unique uranyl cation in 1 is chelated by one κ 2 O,Oʹ carboxylate group, and bound to two more carboxylate groups from two different ligands and a water molecule, the uranium atom being thus in a pentagonal bipyramidal environment (Figure 1 ). The two c-chdc 2- ligands, two µ3-oxo anions, and one acetato anion formed in situ from acetonitrile hydrolysis ( Figure 5 ). Atoms U1 to U4 are arranged into a tetranuclear cluster around the two µ3-oxo anions O11 and O12, a very common motif in uranyl chemistry. 3 The coordination polyhedra of U1 and U2 share two edges with those of adjacent uranium atoms, while those of U3 and U4
share only one edge. Atom U5 is linked to this cluster through apex-sharing with atom U4, thus generating a pentanuclear subunit. Atoms U1 and U2 are chelated by one carboxylate group and bound to two oxo and one more carboxylate donor, U5 is also chelated by one carboxylate and bound to three more carboxylate donors, while U3 and U4 are chelated through both carboxylate groups of one ligand, and bound to one oxo and two more carboxylate groups.
Within the cluster, the U4(O)2 unit involves nearest U···U separations ranging from 3.6042 (11) to 4.0985 (11) and monodentate bonding, while the monoanionic ligand is bound to two metal atoms in the µ2-κ 1 O: κ 1 Oʹ mode, as is also the acetate anion. The pentanuclear clusters are linked to one another to form chains directed along the [1 0 1] axis, these being united into a 2D network parallel to (1 0 ī) through the unique ligand to be in the (aa) conformation instead of the more usual (ee) one, which is the ligand bound to four metal centres and containing atoms O17 to O20. The (aa) form was previously encountered in other complexes of t-chdc 2-with uranyl 34 or other metal cations, 35, 36 and a study of the conformational preferences of t-chdcH2 and its mono-and dianion in solution by NMR spectroscopy revealed that, depending on the medium, the (aa) population could be significant, representing as much as 57% for the dianion in DMSO. 37 From a geometrical point of view, while the (ee) form is a convergent ligand, the (aa)
form is divergent, as befits the connection of chains into a planar layer. In contrast to the previous complexes, the Ni II cation here is not axially bound to two oxygen atoms, the shortest axial contact, with only the uranyl oxo atom O1, being at 2.736(17) Å. Although this is long and comparable to distances to various donor atoms in simpler complexes where the Ni II is described as four-coordinate, 38 an interaction beyond dispersion is apparent on the Hirshfeld surface 39 for the cation, calculated with CrystalExplorer. 40 Five-coordination is certainly known in closely related Ni II macrocycle complexes. 41 Only one position of the disordered atoms is shown in all views.
isolated from both racemic and resolved t-1,2-chdcH2, 12, 13 it appears that the ligand stereochemistry is not an important influence on the form of the complex. Here also, an oxo anion is present, and the two independent uranium cations and their image through inversion form a bis-(µ3-oxo)-bridged cluster analogous to that found in 4 ( Figure 6 ). However, while the four uranium atoms in the cluster in 4 have pentagonal bipyramidal environments, there is in 5 a mixture of pentagonal (U1) and hexagonal (U2) bipyramidal environments. As a result, the cluster is more compact, with the maximum number of possible shared edges between adjacent polyhedra being achieved. Atom U1 is twice chelated between the two carboxylate groups of a ligand, the fifth position being occupied by the oxo anion, while U2 is chelated in the κ 2 O,Oʹ mode by two carboxylate groups, and bound to two oxo bridges. Overall, the cluster is surrounded by four ligands in the chair, (ee) conformation, and it is present in the lattice as an counterions in uranyl-containing polymers is the quenching of uranyl luminescence, probably due to the transition metal cation providing a nonradiative relaxation pathway. 42 Indeed, the emission spectra recorded for compounds 1 and 3, the only ones to have been synthesized pure in sufficient quantity, show complete quenching for 1, and only weak emission for 3 ( Figure   7 ). The usual series of peaks associated with the vibronic progression corresponding to the S11 → S00 and S10 → S0ν (ν = 0-4) electronic transitions 43 possibly indicating bonding as a decorating group, their interaction with the anions involve a number of hydrogen bonds between ammonium groups (and also water ligands in 5) and either carboxylate or uranyl oxo acceptors which probably play a major role in their structuredirecting effect. We have recently investigated the role of crown ethers (12-crown-4, 15-crown-5 and 18-crown-6) and their Na + or K + ion complexes as assembler groups in uranyl ion complexes with, in particular, c-and t-chdc 2-, 6 and they appear to behave in a way comparable to that of the present Ni II macrocyclic complexes, notwithstanding the charge difference. In both cases, the complex assumes an essentially discoidal shape which is well suited to stacking with the often planar uranyl-containing subunits, as illustrated here by complexes 4 and 5, and by most cases with crown ethers. The two axial positions on Ni II in the cyclam complex are well adapted for bridging through bonding to carboxylate groups, whereas the quasi-planar K(18-crown-6) + cation displays a marked propensity to be axially bound to two uranyl oxo
groups. An important difference however is that ammonium groups are hydrogen bond donors while ether oxygen atoms are potential acceptors. The former are thus well adapted to hydrogen bonding to uranyl carboxylate subunits, which are rich in acceptor groups, but the latter may at best be hydrogen bonded to water coligands. A drawback related to crown ether use is the systematic formation of oxalate coligands under hydrothermal conditions, which is absent here. 
